The PARK3 locus on chromosome 2p13 has shown linkage to both the development and age of onset of Parkinson's disease (PD). One candidate gene at this locus is sepiapterin reductase (SPR). Sepiapterin reductase catalyzes the final step in the biosynthetic pathway of tetrahydrobiopterin (BH 4 ), an essential cofactor for aromatic amino acid hydrolases including tyrosine hydroxylase, the rate-limiting enzyme in dopamine synthesis. The expression of SPR was assayed using semiquantitative real-time RT-PCR in human postmortem cerebellar tissue from neuropathologically confirmed PD cases and neurologically normal controls. The expression of other enzymes involved in BH 4 biosynthesis, including aldose reductase (AKR1B1), carbonyl reductase (CBR1 and CBR3), GTP-cyclohydrolase I (GCH1), and 6-pyruvoyltetrahydrobiopterin (PTS), was also examined. Single-nucleotide polymorphisms around the SPR gene that have been previously reported to show association to PD affection and onset age were genotyped in these samples. Expression of SPR showed a significant 4-fold increase in PD cases relative to controls, while the expression of AKR1B1 and PTS was significantly decreased in PD cases. No difference in expression was detected for CBR1, CBR3, and GCH1. Genetic variants did not show a significant effect on SPR expression, however, this is likely due to the low frequency of rare genotypes in the sample. While the association of SPR to PD is not strong enough to support that this is the PARK3 gene, this study further implicates a role for SPR in idiopathic PD. 
Introduction
Parkinson's disease (PD, MIM 168600) is a common adult-onset neurodegenerative disorder that affects nearly 2% of the population age 65 and older (de Rijk et al., 2000) . PD is characterized clinically by resting tremor, rigidity, bradykinesia, and postural instability (Calne, 2005; Hughes et al., 2001) . The pathological characteristics of this disease are a progressive loss of dopaminergic neurons, primarily in the substantia nigra pars compacta, and the presence of eosinophilic cytoplasmic inclusions, called Lewy bodies, throughout the brain (Braak et al., 2003; Gibb and Lees, 1988; Jellinger, 2001) .
The PARK3 locus (MIM 602404) on chromosome 2p13 was initially reported to be associated with PD affection status in an autosomal dominant model of PD using 6 European families, each with at least 4 affected PD relatives (Gasser et al., 1998) . PARK3 was later shown to be linked and associated with age of onset of PD in the GenePD Study using 103 multiplex families (DeStefano et al., 2002) . Pankratz et al., replicated these results, reporting evidence of linkage and association to age of onset of PD in a region on chromosome 2p, which overlaps PARK3 (Pankratz et al., 2004) .
We previously reported that a haplotype in the PARK3 region, comprised of SNPs flanking the gene SPR (MIM182125), was significantly associated with onset age of PD (Karamohamed et al., 2003) . The A-T-G alleles at rs2421095-rs1876487-rs1561244, respectively, were associated with a younger onset of PD (Karamohamed et al., 2003) . SNP rs1876487, located 196 base pairs upstream of SPR (according to NCBI Build 36.1), was driving the association of the aforementioned haplotype and was shown to be significantly associated to onset age of PD (Karamohamed et al., 2003) . Recently, the association of rs1876487 to onset age was replicated in a European familial PD cohort and the rs2421095-rs1876487-rs1561244 haplotype was reported to be associated with PD affection status in a German sample of sporadic PD (Sharma et al., 2006) . Nevertheless, while these studies implicate SPR in PD, the association is not strong enough to suggest that SPR is the PARK3 gene.
SPR is a 3 exon gene encoding the 261 amino acid protein, sepiapterin reductase (7,8-dihydrobiopterin: NADP + oxidoreductase) (Ichinose et al., 1991; Ohye et al., 1998) . SPR catalyzes the final step of the biosynthetic pathway of tetrahydrobiopterin (BH 4 ) (Katoh and Sueoka, 1984) . BH 4 is an essential cofactor for nitric oxide synthase and aromatic amino acid hydrolases, including tyrosine hydroxylase (Thöny et al., 2000) . In addition to SPR, two other genes are essential and sufficient for BH 4 biosynthesis: GTP cyclohydrolase I (GCH1) and 6-pyruvoyltetrahydropterin synthase (PTS) (Thöny et al., 2000) . Aldose reductase (AKR1B1) and carbonyl reductase (CBR1 and CBR3) have also been shown to participate in different stages of BH 4 synthesis (Iino et al., 2003; Park et al., 1991) .
Here we examine the expression of SPR and five other genes involved in BH 4 biosynthesis in human PD cerebellar tissue using real-time RT-PCR. The cerebellum was a suitable brain region for our study for several reasons. First, there was an abundance of available post mortem tissue from PD cases, compared to regions more substantially affected by PD, such as the substantia nigra. Second, dopaminergic neuronal transmission occurs in the cerebellum, including dopaminergic input from the substantia nigra, while remaining largely unaffected by PD pathology and neuronal degeneration (Hurley et al., 2003; Parsons et al., 2002) . We also genotyped the aforementioned SNPs using DNA extracted from the brain tissue and assessed whether any SNP had an effect on the expression of SPR.
Results

Real-time RT-PCR gene expression
Real-time RT-PCR was used to measure the expression of six genes in human PD cerebellar tissue: AKR1B1, CBR1, CBR3, GCH1, PTS, and SPR. Detailed information about the specific transcripts detected can be found in Table 1 . Each gene was normalized to the endogenous control gene β-actin and calibrated to the mean normalized expression of the transcript in neurologically normal human cerebellar tissue. The fold difference of SPR expression was 4.46 ± 1.07 (mean ± S.E.M.) in PD brains relative to control brains (Fig. 1) . The increased SPR expression in PD cases was statistically significant (p = 0.01). The expression of AKR1B1 (0.76 ± 0.06) and PTS (0.70 ± 0.09) was significantly lower in PD cases relative to controls (p = 0.03 and p = 0.01, respectively). No difference in expression between PD cases and controls was detected for GCH1, CBR1, or CBR3 ( Fig. 1 ). 
SNP analysis
Three SNPs (rs2421095, rs1876487, and rs1561244) were genotyped in DNA isolated from the 60 brain samples used to study gene expression, and no difference in the distribution of genotypes between PD cases and controls was observed for any SNP (Fisher exact test, p > 0.05). The genotype frequencies in cases and controls for all SNPs are listed in Table 2 . There were no rare allele homozygotes detected at rs2421095 and rs1561244, therefore a dominant genetic model was used to evaluate the effect of these SNPs on SPR expression (log 2 − ΔΔCt ) and no significant results were found (p > 0.05, data not shown).
Sequencing of the genomic region around SPR
The sequencing of the coding region plus 5′ and 3′ regions of the SPR gene for five PD brain samples did not reveal any novel polymorphisms. Previously known polymorphisms, including rs1876487, were detected.
Discussion
To our knowledge, this is the first assessment of the expression of the six genes involved in biosynthesis of BH 4 , a cofactor in the synthesis of DA, in human PD brain. The expression of three of the genes studied, SPR, AKR1B1, and PTS, was significantly different between PD cases and controls (p < 0.05, Fig. 1 ). Interestingly, SPR was the only gene studied that showed higher expression in PD brains relative to control brains. These results suggest that it is not the entire BH 4 pathway, but rather the altered expression of certain enzymes involved in the synthesis and regeneration of BH 4 , especially SPR, that may be contributing to the pathogenesis of certain forms of PD. A three-SNP haplotype around the SPR gene had been previously reported to be associated with onset age of PD (Karamohamed et al., 2003) and PD affection status (Sharma et al., 2006) . In unrelated individuals, haplotypes are inferred from genotype data based on statistical methods that require large samples for accurate estimates (Fallin and Schork, 2000) therefore we did not perform any haplotype analyses on the current data. We did not detect any genotype frequency differences between cases and controls. This is not surprising given the relatively small sample and the fact that the replicated association was to age at onset of PD and not PD affection status. We also sought to evaluate whether these SNPs (rs2421095, rs1876487, rs1561244) were individually associated with increased SPR expression. We did not detect a relationship between any of these SNPs and SPR expression (p > 0.05, data not shown). Due to the low frequency of some of the polymorphisms in this sample, it is likely that we do not have sufficient power to detect modest effects of the genotype on expression in a dominant model. West et al. (2001) did not detect any sequence variants in the exons and 2 kilobases upstream of SPR in two PD families, leading them to suggest that variants in SPR were not responsible for PARK3. However, genetic polymorphisms around SPR have been associated with both affection and onset age in large familial and sporadic PD cohorts (Karamohamed et al., 2003; Sharma et al., 2006) . The observed significant increase in SPR mRNA in PD brain supports the hypothesis that polymorphisms affecting the expression or splicing of SPR may play a role in PD, rather than coding polymorphisms affecting the protein sequence. Additional work is needed to determine if sequence variants, either known or novel, are responsible for differences in SPR expression.
A few cases of human sepiapterin reductase deficiency, a BH 4 -dependent monoamine neurotransmitter deficiency without hyperphenylalaninemia, have been described in the literature Bonafé et al., 2001) . A SPR knockout mouse has been created to model human sepiapterin reductase deficiency (Yang et al., 2006) . These mice display similar symptoms to human sepiapterin reductase deficiency patients, including growth retardation, dystonia, spasticity, and tremor Yang et al., 2006 ). This mouse model has added to the evidence that SPR is essential for normal BH 4 metabolism and the downstream function of BH 4 -dependent enzymes. It has been shown that BH 4 levels decrease with age in the normal brain (Furukawa and Kish, 1998) and BH 4 levels in the brain and cerebrospinal fluid are lower in PD patients than controls (Lovenberg et al., 1979; Nagatsu et al., 1981) . There is conflicting evidence whether BH 4 is protective or toxic to dopaminergic neurons. Extracellular BH 4 has been shown to increase the rate of apoptotic cell death in DA neurons (Choi et al., 2000 (Choi et al., , 2003 Kim et al., 2004) , while intracellular BH 4 appears to protect DA neurons against oxidative damage (Choi et al., 2003; Nakamura et al., 2001) . Treatment of cerebellar granule neurons with sepiapterin attenuated 1-methyl-4-phenylpyridinium-induced (MPP+) toxicity (Shang et al., 2004) . This protection was abolished by the presence of a SPR inhibitor, suggesting that the conversion of sepiapterin to BH 4 via SPR was essential to the protective effect (Shang et al., 2004) . The increase in SPR mRNA in PD brains seen here may be a compensatory reaction to protect DA neurons under oxidative stress due to higher levels of intracellular BH 4 .
One of the major limitations of this study is the use of postmortem human tissue, which resulted in a small sample without detailed clinical history. The extent of levodopa therapy in the PD cases in this study is unknown. Therefore, it is possible that the changes in gene expression we observed were a result of the addition of exogenous levodopa and not PD. An additional limitation of this study is that we are not able to determine whether the mRNA levels detected by the real-time RT-PCR are localized in the dopaminergic terminals from the striatum or possibly the noradrenergic terminals from the locus coeruleus.
The results of this study suggest that further investigation of SPR and the BH 4 pathway in the pathogenesis of PD is needed. Although we were able to detect a difference in SPR expression between PD cases and control brains, there may have been insufficient power to attribute these expression differences to a specific genetic variant. A larger study is needed to determine whether genetic variants around SPR are associated with expression levels. Additionally, a study of SPR activity and levels of BH 4 in PD brain is recommended in order to understand the relationship, if any, between changes in SPR expression and levels of intracellular BH 4 production.
4.
Experimental procedures
Human tissue
Fresh frozen specimens of human cerebellar tissue from neuropathologically confirmed PD cases (n = 30) and neurologically and neuropathologically confirmed normal controls (n = 14) were obtained from the Harvard Brain Tissue Resource Center (BTRC). Additional neurologically and neuropathologically confirmed normal control specimens were obtained from the Boston University Alzheimer's Disease Center Brain Bank (n = 14). We received fresh frozen cerebellar tissue from 2 PD individuals enrolled in the GenePD Study from the Centre for Addiction and Mental Health at the University of Toronto. The age at death and post-mortem interval (PMI) measured in hours were not significantly different between the PD cases and the controls (Student's t-test p value = 0.6 and 0.3, respectively). Table 3 is a summary of the available information on the samples used in this study.
RNA isolation and real-time RT-PCR
RNA was isolated from brain specimens using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA). First-strand cDNA synthesis was performed using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Real-time semiquantitative RT-PCR using Applied Biosystems' TaqMan Gene Expression Assays was performed in triplicate for each sample on the ABI PRISM ® 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA). A serial dilution of pooled cDNA was used to evaluate the PCR amplification efficiency for each assay (Livak and Schmittgen, 2001 ).
4.3. DNA isolation, SNP genotyping, and sequencing DNA was isolated from fresh frozen brain specimens using the PureGene DNA Purification kit (Gentra, Minneapolis, MN). Genotyping of single-nucleotide polymorphisms was performed using TaqMan SNP Genotyping Assays (Applied Biosystems) on the ABI PRISM ® 7900HT. A 5,908 basepair (bp) region containing the SPR gene was sequenced using DNA from five PD samples on the Applied Biosystems 3700 DNA Analyzer. The entire 1438 bp coding region of the gene, and an additional 1002 bp 5′ of exon 1, and 166 bp 3′ of the last exon were sequenced.
Statistical methods
The cycles to threshold (Ct), as determined by Applied Biosystems' SDS 2.1 Software, were used to calculate the level of gene expression in PD cases relative to controls, or fold difference, using the comparative Ct method (Livak and Schmittgen, 2001 ). Cts of the triplicate RT-PCR reactions were averaged for each sample. In order to ensure accurate results, any sample with a range of Ct values greater than 2 across the triplicate reactions was dropped from further analysis. An assay for the endogenous control gene, β-actin, was run simultaneously with each target gene assay, and the corresponding counts to threshold were used to normalize each target gene (ΔCt = Ct target − Ct β−actin ). Samples with a ΔCt value outside of 2 standard deviations from the mean ΔCt of cases or controls for a given gene were considered outliers and dropped from the fold change analysis of that gene. The ΔCt for each sample was calibrated to the mean ΔCt of the control brains (ΔΔCt = ΔCt sample − ΔCt mean control ) and the fold difference ) of each gene was evaluated by a Shapiro-Wilk test and in each case was found to be significantly different than normal (p < 0.05). Because this test of normality is conservative, we also visually inspected the data and examined summary statistics including mean, median and skewness to verify the non-normal distribution. Since log fold difference followed a normal distribution for all genes studied (Shapiro-Wilk p > 0.05), t-tests were performed on this measure. SNP genotypes were independently analyzed for an effect on SPR expression (log 2 − ΔΔCt ) separately in PD cases and in controls using generalized linear models performed in SAS (Statistical Analysis System, Cary, North Carolina).
